We have manipulated the chick limb bud by dorsoventrally inverting the ectoderm, by grafting the AER to the dorsal or ventral ectoderm and by insertion of an FGF-4 soaked heparin bead to the mesoderm. After dorso-ventral reversal of the ectoderm, Wnt-Ta expression is autonomous from an early stage of limb development in the original dorsal ectoderm. Exogenous FGF-4 causes ectopic Wnt-7a expression and induces ectopic Shh. In addition, exogenous FGF-4 increases the thickness of cartilages and also shortens them, and both Bmp-2 and Bmp-4 may mediate this effect. The ectoderm outside the AER can regulate not only the dorso-ventral polarity of the underlying mesenchyme cells but also the cartilage formation, and both Bmp-2 and Bmp-4 may mediate this control.
Introduction
Pattern formation in the developing vertebrate limb occurs in relation to three axes. The proximodistal axis is linked to outgrowth under the control of the apical ectodermal ridge (AER), the anteroposterior axis is affected by a signal from the zone of polarizing activity (ZPA), while the dorsoventral axis is under the control of the ectoderm. Evidence for the role of the ectoderm in controlling dorso-ventral patterning comes from making ectoderm/mesoderm recombinants in which the dorsoventral axis of the tissues is inverted, and the effect of the ectoderm influences cartilage, muscle, tendon and epidermis patterns (MacCabe et al., 1973; Pautou and Kieny, 1973; MacCabe et al., 1974; Pautou 1977a,b; MacCabe 1987, 1989; Akita 1996) . In addition, grafting an additional AER to the dorsal or ventral ectoderm of the limb results in outgrowth which has either a bidorsal or biventral configuration, respectively (Errick and Saunders, 1976; Shellswell and Wolpert, 1977) .
Recent studies have identified several signaling molecules in these three axes. Along the proximodistal axis, members of the fibroblast growth factor family are expressed in the AER and appear to function as growth and differentiation regulators (Niswander et al., 1993; Savage et al., 1993; Heikinheimo et al., 1994; Crossley and Martin, 1995; Mahmood et al., 1995) . In addition, retroviral expression of FGF-2 forms normal patterned additional elements , and FGF-2 and FGF-4 can mediate outgrowth in vivo after ridge removal (Niswander et al., 1993; Fallon et al., 1994; Vogel et al., 1995) . Along the anteroposterior axis, Sonic hedgehog (Shh) is expressed in the posterior part of the limb bud in the region defined as polarizing region and ectopic expression of Shh in the anterior part of the limb bud makes mirror-image skeletal duplications, similar to those caused by a polarizing region graft (Riddle et al., 1993) . Bone morphogenetic protein 2 RNA (Bmp-2) is normally expressed near the endogenous Shh domain and is part of the response component of the polarizing region signaling pathways, and the pattern of Bmp-4 expression in the developing wing bud shows the possibility that BMP-2 and BMP-4 could act in concert (Francis et al., 1994) . As regards the dorsoventral axis, Wnt-7a is ex-pressed in the dorsal ectoderm in the chick and mouse limb bud (Dealy et al., 1993; Parr et al., 1993) and mice lacking Wnt-7a activity show dorsal-to-ventral transformations of the limb mesoderm (Parr and McMahon, 1995) . A recent model has suggested that the FGFs are possible candidates for the signal providing positional information along the dorsoventral axis and/or determining the boundary between dorsal and ventral regions, and Wnt-7a is an obvious candidate as the dorsalizing signal (Akita, 1996) .
A positive feedback loop is established in which Fgf-4 in the ridge is regulated by SHH in the mesoderm and, in turn, polarizing activity and Shh expression is regulated by FGF-4 (Vogel and Tickle, 1993; Laufer et al, 1994; Niswander et al., 1994) . In addition, WNT-7a is required for the expression of Shh and maintenance of the polarizing region (Yang and Niswander, 1995; Parr and McMahon, 1995) . Therefore, these three signals of the three axes have a close relationship with each other.
The present study reports Wnt-7a expression after manipulating the dorsoventral pattern of the limb bud, and the effects of exogenous FGF-4 on Shh, and Bmp-4 expression and on the cartilage pattern of the limb. The dorsoventral and anteroposterior patterns of limbs were assessed by examination of epidermis, muscles, tendons and skeletons.
Results

Wnt-7a expression in the limb bud
At stage 15 (25 somites), was expressed in the dorsal half of the ectoderm on the lateral plate at the level of the 14th somite to 23rd somite (Fig. 1A) . By stage 23, Wnt-7a is expressed at lower or negligible levels in the flank (Fig. 1C) .
In the early chick wing bud (stage 15 to stage 22), Wnt-7a was expressed in the whole area of the dorsal ec- toderm (Fig. 1B) . As the wing bud continues to grow out (stage 23 to stage 25), Wnt-7a was expressed in the distal region near the apical ridge and the proximal anterior region except for the anteriormost region of the dorsal ectoderm, and is not expressed in posterior proximal regions ( Fig. 1D) . At stage 26 Wnt-7a was expressed only in the distal region of the dorsal ectoderm near the ridge (Fig. 1E) . Then, at stage 28, it was expressed in the dorsal ectoderm covering the necrotic zones between the developing digits (Fig. IF) .
In the early chick leg bud (stage 17 to stage 22), Wnt7a was expressed in the whole area of the dorsal ectoderm (Figs. 1B,C). As the leg bud continues to grow out (stage 23 to stage 26), Wnt-7a was expressed in the distal region near the apical ridge of the dorsal ectoderm (Fig. 1G) . The anterior expression in the leg did not extend proximally as in the wing. In the rest of the dorsal ectoderm, it was still very weakly detected. Then, at stage 28, it was expressed in the dorsal ectoderm covering the necrotic zones between the developing digits (Fig. 1H ). 
Gene expression in limbs with dorso-ventral inversion of the ectoderm
Dorso-ventral reversal of the leg bud ectoderm with respect to the mesoderm resulted in changes in the flexion of joints of the legs, in the muscle and tendon pattern and in the pattern in the epidermis MacCabe, 1987, 1989; Akita, 1996) . Fourteen hours and 24 h after dorso-ventral reversal of the ectoderm, Wnt-7a was expressed at normal levels throughout the original dorsal ectoderm of the recombinant, and was not detected in the original ventral ectoderm (n = 8, Fig. 2A ). After 48 h, Wnt-7a RNA becomes restricted to the distal area of the original dorsal ectoderm near the ridge as in normal limbs (n = 6, Fig. 2B ).
In the early chick leg bud, Shh is expressed in the posterior mesoderm, and in later stages Shh becomes restricted to the distal posterior part of the limb bud near the ridge (Riddle et al., 1993) . Fourteen hours after ectoderm inversion, Shh expression was detected in the posterior mesoderm of recombinants (n = 4, data not shown).
After 7 days incubation following inversion of the ectoderm, the limbs showed the original mesodermal pattern in the proximal region, the original ectodermal pattern in the distal region and the double dorsal pattern in the region between proximal and distal regions (Akita, 1996) . Frequently the fibulas (posterior bone of zeugopod) of the resulting limbs were shorter than those of normal limbs and in some cases missing (36.3%, n = 22). However, the experimental limbs had a complete digit 4 in virtually all cases (90.9%, n = 22).
Wnt-7a and Shh expression in limbs after grafting an AER to the dorsal or ventral ectoderm
After removal of the AER at stage 20/21, Wnt-7a expression was analyzed. After 24 hours, the expression of Wnt-7a was detected in lower levels on the dorsal ectoderm just near the border between dorsal and ventral ectoderm (n = 8, Fig. 3A) .
Grafts of an AER to the dorsal ectoderm at stage 20 resulted in a dorsal outgrowth after 40 h. Wnt-7a was expressed in both sides of the ectoderm in the outgrowth (n = 6, Fig. 3B ). In contrast, in the biventral limbs formed by grafting an AER to the ventral ectoderm, both sides of the ectoderm of the grafted AER did not express (n = 6, data not shown). While dorsal outgrowths expressed Shh, ventral outgrowths had little or no expression of Shh just beneath the posterior region of the AER (n = 4, Fig. 3C ). Grafting an AER to the dorsal ectoderm of the limb results in outgrowths with bidorsal muscle patterns (Errick and Saunders, 1976; Shellswell and Wolpert, 1977) . Dorsal outgrowths had a cartilaginous pattern at which their proximal level corresponded to that of the host limb. The bidorsal outgrowths contained no indication of ventral structures and were composed of two symmetrical dorsal halves as judged by the presence of a dorsal feather pattern and dorsal muscles and dorsal tendons on both sides (n = 6, Fig. 3D ). Grafting of an apical ectodermal ridge to the ventral ectoderm of the limb resulted in outgrowths with biventral feather and muscle patterns. The distal regions of the biventral outgrowths contained no indication of dorsal structures and were composed of two symmetrical ventral halves as judged by the presence of ventral muscles and tendons on both sides, but the anteroposterior pattern was normal (n = 4, Fig. 3E ).
Wnt-7a and Shh expression in limbs with insertion of FGF-4 beads
To examine the interaction between FGF-4 and Wnt-7a expression, we provided an exogenous source of FGF-4 protein by inserting an FGF-4 soaked heparin bead into anterior, middle and posterior parts of the mesoderm of the wing buds at stage 20/21. After 24 h, the wing buds showed ectopic expression of Wnt-7a in the dorsal ectoderm which covered the beads (n = 5, Fig. 4A ).
The expression of Wnt-7a in the flank region might also be maintained by FGF-4. To test this possibility, we inserted an FGF-4 soaked hepadn bead into the mesoderm of the flank region between wing and limb buds at stage 21. After 24 h of insertion, stronger expression of Wnt-7a was observed on the grafted side, and the expression of ectopic Wnt-7a was not induced in all the ectoderm covered by the bead but only in the dorsal half (n = 4, Fig. 4B ).
We examined Shh expression of the wing buds treated with FGF-4 soaked beads at stage 20/21. Beads in the anterior mesoderm resulted in no ectopic expression of Shh, while a bead in the posterior mesoderm resulted in the ectopic expression of Shh beneath the posterior mesoderm near the dorsal ectoderm. Ectopic expression of Shh from a bead in the middle mesoderm was restricted to the posterior side of the bead (n = 4, Fig. 4C ). The Shh expression seemed to be mainly localized to dorsal mesoderm in the normal limb (Fig. 4D) , and the ectopic expression of Shh in the limb treated by the FGF-4 soaked bead was always in dorsal mesoderm. Control beads did not result in ectopic expression of Shh.
Effect on cartilage formation of FGF-4 beads
To determine the effect of FGF-4 beads on skeletal and muscle patterns of the limb development, limbs were analyzed after 7 days of incubation since the grafting of FGF-4 beads at stage 20 to 21 limb buds.
When the beads were inserted in the posterior mesoderm, the beads were found close to the ulna which became thicker and shorter (type 1, n = 22, Fig. 5A ). In 4 cases an ectopic piece of cartilage was observed on the posterior side of the limb, and in these cases the beads were found in the tip of the extra digit (Fig. 5B) . When the beads were inserted in the middle part of the mesoderm, the beads were found between the ulna and the radius, and both were thickened and were usually fused (type 2, n = 27, Fig. 5C ). Beads inserted in the anterior mesoderm were found close to, or in, the radius, which became thickened and shortened and frequently split across the dorso-ventral (type 3, n = 32, Fig. 5D ).
Some of these experimental wings were serially sectioned and stained to analyze the patterns of cartilage, muscles and tendons. In type 1, the ulna was thicker along the anteroposterior and dorsoventral axes. In type 2, the ulna and radius were fused (Fig. 5E ). In type 3 limbs, the radius seemed to be bifurcated along the dorso-ventral axis, but between the dorsal and ventral parts of cartilage it was filled with cartilage cells (Fig. 5F ). In addition, in all types the muscles were distorted by the enlarged cartilage, but the anteroposterior and dorsoventral patterns of the muscles and tendons were not changed.
A striking feature of the application of an FGF-4 bead to the proximal middle mesoderm of the leg bud was that the tibiotarsus was split dorsoventrally, but the fibula was similar to that of the normal limb (n = 3, Fig. 5G ). In the section of this leg bud, the bead was located between two bones and the cartilage cells and undifferentiated mesenchymal cells were filled between these dorso-ventral bones. In addition, the patterns of muscles and tendons were distorted by the thickened cartilage, but the anteriorposterior and dorso-ventral patterns of muscles and tendons were not changed.
The sections of the limbs treated by the PBS beads had little or no effect on the cartilage, but occasionally small ectopic cartilage developed between the ulna and radius (n = 19, Fig. 5H ). Basically, application of FGF-4 soaked bead in the mesoderm does not change d-v and/or patterning but changes the shape of cartilage.
Bmp-2 and Bmp-4 expression in limbs with insertion of FGF-4 beads
Bmp-2 and Bmp-4 were suggested to have roles in cartilage differentiation and morphogenesis (Lyons et al., 1989 ). As mentioned above by the application of FGF-4 soaked bead in the mesoderm the shape of cartilage is mainly changed, although the patterns of muscles and tendons are little changed. We examined the Bmp-2 and Bmp-4 expression after manipulating the exogenous FGF-4. Transverse section of a wing bud after insertion of a PBS soaked bead to the middle mesoderm. Scale bar = 500pm. F, the fibula; H, the humerus; R, the radius; T, the tibiotarsus; U, the ulna.
In the wing bud at stage 22 to 25, Bmp-2 expression is clearly restricted to the posterior mesoderm and is also detectable in the apical ridge (Fig. 6A) , while Bmp-4 expression is found in the apical ridge and predominantly in the anterior mesoderm, although there is a small posterior zone of low expression (Fig. 6B) (Francis et al., 1994) . At stage 22 to 25 in the wing bud, Bmp-4 expression in the proximal anterior region of the mesoderm was clearly divided into dorsal and ventral halves, and the dorsal half expression was stronger than the ventral half expression (Fig. 6C) . In addition, Bmp-4 expression in the posterior margin was predominantly in the dorsal part of the mesoderm (Fig. 6D) .
After 24 h of grafts of FGF-4 soaked beads positioned in the posterior region, ectopic expression of Bmp-2 in the posterior margin of the mesoderm was observed. In addition, beads to the middle region of the wing resulted in Bmp-2 expression on the posterior side of the beads as with Shh (n = 4, Figs. 4C, 6E).
After 24 h of grafts of FGF-4 soaked beads to the middle region of the wing buds, Bmp-4 expression was stronger than in the normal limb, although the space between the dorsal and ventral expression had extended (n = 6, Fig. 6F ). Beads positioned in the anterior region of the wing buds caused the space to extend dorsoventrally, while beads positioned in the posterior region of the wing buds mainly increased normal expression. After 48 h of insertion in the posterior region, the ectopic expression of Bmp-4 was detected in the dorsal and ventral mesoderm.
Twenty-four hours after the removal of the dorsal or ventral ectoderm of the wing bud, Bmp-4 expression was not detectable in the dorsal or ventral mesoderm, respectively (n = 13, data not shown).
Discussion
When the ectoderm of the early limb bud is dorsoventrally reversed with respect to the mesoderm, dorsoventral polarity of the limb is reversed (MacCabe et al., 1974; Pautou, 1977a,b; Shellswell and Wolpert, 1977; MacCabe, 1987, 1989; Akita, 1996) . Thus the ectoderm can regulate the polarity of the underlying mesoderm cells which form bones, tendons and muscles in the limb.
Wnt-7a is an obvious candidate for the dorsalizing signal, since it is expressed in the dorsal ectoderm (Dealy et al., 1993; Parr et al., 1993) , and in mice lacking Wnt-7a activity, the limb mesoderm shows dorsal-to-ventral transformations (Parr and McMahon, 1995) . Our results after dorso-ventral reversal of the leg ectoderm show that Wnt7a expression is autonomous from an early stage of limb development, always expressed in the original dorsal ectoderm in recombinants. In recombinants made with the stage 21 right ectoderm, the muscle and tendon patterns show the ectodermal pattern in the distal region and the bidorsal pattern between the proximal and distal regions (Akita, 1996) . Moreover, by grafting the AER to the dorsal ectoderm, Wnt-7a expression is detected on both sides of the outgrowths which form a bidorsal pattern of muscles and tendons. In contrast, by grafting the AER to the ventral ectoderm, Wnt-7a is not detected on either side of the ventral outgrowths which have a biventral pattern. Akita (1996) suggested that dorso-ventral patterning takes place in the progress zone. The normal pattern of expression in both wing and leg fits well with this view, since Wnt-7a is expressed in the ectoderm of the progress zone throughout limb patterning, and at later stages is only expressed in particular distal regions.
However, in the Wnt-7a knock-out mouse (Parr and McMahon 1995) , the ventralization of the dorsal aspect of the limb is observed to be more severe distally than proximally. According to Akita (1996) , the dorsalization of the ventral mesoderm starts immediately after the reversal of the ectoderm. The stage at which the mesoderm is taken to form the recombinant determines the level along the proximodistal axis at which the reverse occurs; younger mesoderm shows a dorsalization of the ventral mesoderm relatively more proximally compared with older mesoderm. If Wnt-7a is the main dorsalizing signal, then in the Wnt-7a knock-out mouse the limb should not develop any dorsal structures. The presence of dorsal structures proximally in the Wnt-7a knock-out mice suggests strongly that another unknown factor is important in the dorsalization process in the normal limb development, possibly before, or in concert with, Wnt-7a. Geduspan and MacCabe (1989) proposed that in the chick wing bud the dorsoventral information in the ectoderm comes from the mesoderm, which transfers this information to the overlying ectoderm between stages 14 and 16. Our results fit in with their proposal, since in stage 15 chick embryo Wnt-7a is already expressed in the dorsal half of the ectoderm of the lateral plate including the presumptive wing region, and the expression continues to be detected in the dorsal half of the ectoderm in later stage in the flank region as well. The dorsoventral pattern formation is not restricted to limb regions but is also present in the flank region. It is reported that the entire flank has limb-forming potential (Cohn et al., 1995 : Ohuchi et. al., 1995 .
A positive feedback loop is established in which Fg~L4 in the ridge is regulated by SHH in the mesoderm and, in turn, Shh expression is regulated by FGF-4 (Laufer et al., 1994; Niswander et al., 1994) . In addition, exogenous FGF-4 induces ectopic Shh expression in the posterior region (Yang and Niswander, 1995) . The present results show that exogenous FGF-4 causes Wnt-7a expression in the dorsal ectoderm of the limb and also of the flank. After grafting FGF-4 to the posterior and middle parts of the mesoderm, ectopic Shh expression occurs. Therefore WNT-7a might be required for Shh expression. Shh expression is also detected only in the posterior region of the limb, and after grafting the FGF-4 bead to the middle part of the mesoderm, Shh is expressed only in the region well posterior to the bead. It might be that the cells competent to express Shh had been specified in the normal limb development, when the anteroposterior axis of the limb bud is specified.
Shh seems to be a polarizing signal (Riddle et al., 1993) , but no long-range diffusion of Shh along the limb has been detectable (Martf et al., 1995) . However, in the biventral outgrowths after grafting the additional AER on the ventral ectoderm Shh is expressed at very low levels, or is not detectable in the posterior mesoderm. The muscles and tendons show the ventral symmetrical pattern, but there is no change along the anteroposterior axis. Therefore, Shh might not be necessary for limb outgrowth, as Hardy et al. (1995) showed in dissociated and reaggregated limb mesoderm packed into limb ectoderm.
FGF-4 beads in wing bud mesoderm affect cartilage formation. The changes in cartilage formation are dependent on the positions of the beads, and seem to have relationships with BMPs. Bmp-2 and Bmp-4 are expressed in chondrogenic regions in the later bud, suggesting a role in cartilage differentiation and morphogenesis (Lyons et al., 1989) . Earlier Bmp-2 is normally expressed near the normal Shh domain (Francis et al., 1994; Laufer et al., 1994) and the ectopic Shh domain of a limb treated with FGF-4 (Yang and Niswander, 1995) . In the posterior mesoderm exogenous FGF-4 maintains Wnt-7a expression and induces ectopic Shh expression, and Shh in turn induces ectopic Bmp-2 expression.
FGF-4 beads alter the pattern of Bmp-2 and Bmp-4 expression, and in the case of Bmp-2 the effect is probably mediated by Shh. When FGF-4 is placed in the posterior region of the limb, Bmp-2 is ectopically expressed adjacently, but posterior, to the bead. The effect of FGF-4 beads on Bmp-4 is in general to increase expression. The expression of Bmp-4 in the anterior mesoderm has a 'V' shaped pattern which is intensified and extended when a bead is placed in an anterior or middle region. These changes in the expression of Bmp-4 might cause the dorsoventral enlargement of the radius and tibia, which are the anterior cartilages of the zeugopod, and might help the fusion between the ulna and radius and enlarged ulna. One effect of FGF-4 is to increase the thickness and also shorten the cartilage. Since point mutation of FGF receptor-3 (FGFR3) is responsible for achondroplasic dwarfism (Shiang et al., 1994; Rousseau et al., 1994) , shortening of the cartilage might be due to ectopic and continuous activation of the FGF receptors. However, the thickening of the cartilage may be mediated by After removal of the dorsal or ventral ectoderm, Bmp-4 expression disappears on the side adjacent to the removal. These results fit the report of Martin and Lewis (1986) that removal of chick wing dorsal ectoderm by ultraviolet irradiation resulted in skeletal elements that were reduced in size. Therefore, the ectoderm might control the cartilage formation, and not only Bmp-2 but also Bmp-4 may mediate this control.
The ectoderm outside the AER can thus regulate not only the dorso-ventrai polarity of the underlying mesenchyme ceils but also cartilage formation.
Experimental procedures
Fertile White Leghorn eggs were used. Embryos were staged according to Hamburger and Hamilton (1951) , and incubated at 37°C.
Dorso-ventral inversion of ectoderm
The recombinants were made with:stage 21 right leg bud ectoderm and stage 19 left leg bud mesoderm and grafted to the dorsal surface of the right wing bud of stage 21 host embryos as previously described (Akita, 1996) .
Graft of apical ectodermal ridge
The apical ectodermal ridge (AER) from wing buds of stage 20-21 embryos was grafted to the dorsal or ventral surfaces of the right wing buds of stage 20 embryos as previously described (Green et al., 1994) . To obtain good size of biventral outgrowths, we removed the original AER of the host before grafting.
Insertion of FGF-4
Heparin acrylic beads (Sigma, H5263) 200-250 #m in diameter were soaked in a 2/~1 drop of 700/zg/ml FGF-4 (provided by Dr. Heath, Dept. of Biochemistry, University of Birmingham) for at least 1 h at room temperature prior to implantation. A bead was inserted into the slit on the dorsal region of the stage 20-21 wing bud.
Whole-mount skeletal preparations
On the lOth day of incubation, embryos were sacririced. Embryos were fixed in 5% trichloroacetic acid (TCA). They were then transferred to 0.1% Alcian Green in acid alcohol for 6-18 h. After transferring the embryos into acid alcohol and dehydrating in 100% alcohol, the embryos were cleared with methyl salicylate to evaluate the cartilage structure of FGF-4 bead manipulated wing buds. At least three wing buds from each type (as mentioned later) were paraffin embedded, serially sectioned at 10 mm from the level of the elbow joint to the wrist, and stained with Mallory's Triple stain to examine muscle, tendon and cartilage patterns. Muscles were identified according to Shellswell (1977) .
Whole mount in situ hybridization
Embryos were fixed in 4% (w/v) paraformaldehyde and processed into methanol for wholemount in situ hybridization as previously described (Francis et al., 1994) . Whole-mount in situ hybridization using digoxigeninlabelled RNA probes was performed as described by Francis-West et al. (1995) . The Bmp-2 and Bmp-4 specific probes are described by Francis et al. (1994) . The Shh probe is described by Ericson et al. (1995) . The Wnt-7a probe is described by Dealy et al. (1993) .
